Abstract-Because the electrical properties of many breast tumors are different from those of surrounding, normal tissue, imaging these properties may provide useful diagnostic information. At the present time, X-ray mammography is the standard imaging modality used for breast cancer screening. The interpretation of EIT imaging is thus enhanced by its use together with x-ray mammography in the same geometry. This paper reports the ability of Electrical Impedance Spectroscopy (EIS) to localize and distinguish cancers from normal tissues. These findings are confirmed by simultaneous, co-registered 3-D mammograms or tomosynthesis images and are verified with biopsy reports.
I. INTRODUCTION
LECTRICAL impedance properties have been used to discriminate between healthy and malignant breast tissue [1] , [2] . In 1999, the US Food and Drug Administration, FDA, approved an instrument designed in Israel, called T-scan [3] , [4] , for use as an adjunctive diagnostic instrument in cases with ambiguous mammographic findings. Since then, several groups [5] have reported breast tumor diagnosis systems based on electrical impedance measurements in different geometries. A 3-D reconstruction algorithm in mammography geometry has been introduced by Choi et al. [8] and we have reported a method to reduce the boundary effect caused by the layered structure of skin and tissue [9] . We have designed, built, tested and applied a system, ACT4 [10] with radiolucent electrodes [11] , to perform regional impedance spectroscopy on breasts simultaneously and co-registered with mammograms. The system has been used to study breast cancer patients at Massachusetts General Hospital. Here, we report our findings showing the ability of Electrical Impedance Spectroscopy (EIS) to approximately localize and clearly distinguish the cancers from normal tissues. The findings are verified by simultaneous, co-registered tomosynthesis images and by the pathology reports of the biopsied tissue.
II. DUAL SYSTEM AND CO-REGISTRATION
In our EIT system, ACT4, there are 60 electrode modules with programmable voltage sources, and circuits to measure both the actual applied voltage and the resulting current flow to each electrode. Voltages are applied, and currents and voltages are measured on all electrodes simultaneously. This allows specific patterns of voltage to be applied to the object. The magnitude of both the real and imaginary components of the applied voltage can be specified to 16 bits of precision. The system operates at six discrete temporal frequencies: 5, 10, 30, 100, 300, and 1000 kHz. It can acquire the data from 63 different applied voltage patterns in about one second, allowing data for all six frequencies to be acquired and stored in less than six seconds. See Saulnier for details [12] .
A radiolucent electrode array, made by depositing thin layers of metal on a plastic substrate, is attached to the compression plates of a mammography unit enabling the EIT and tomosynthesis data to be taken simultaneously and in-register (Figure 1 ). 
Regional Admittivity Spectra with Tomosynthesis Images for Breast
Cancer Detection The reconstruction problem for EIT is to determine approximations to the electrical conductivity, σ (p,ω), the electrical permittivity, ε (p,ω), and the magnetic permeability, μ (p, ω), at points p within a body from measurements of the electric field, E (p,ω), and magnetic field, H (p,ω), made at angular frequency ω on a portion of the surface of the body. The electric field E and magnetic field H inside a body with conductivity σ, permittivity ε, permeability μ, at angular frequency ω, satisfy Maxwell's equations inside the body:
(1) In the low frequency limit (ω =0) Maxwell's equations reduce to: ∇×H=σ E, ∇×E=0. Therefore, in this case,∇⋅σE=0, E=-∇U. where U denotes the electrical potential or voltage throughout the interior of the body. Hence in the low frequency limit we have that the voltage inside the body, B, satisfies ∇⋅σ∇U = 0. On the body's surface, S, one has σν⋅∇U = j, and V = U (2) Here ν denotes the outward pointing unit normal vector to the body on the surface S, σ the homogeneous, isotropic conductivity, j the applied current density on the surface, and U the voltage inside the body, B. The application of currents on the electrodes, Zs = 0 on the top electrode array and Zs = -h on the bottom electrode array where h is the thickness of the compressed breast, induces a current density distribution j written as
The inverse problem is to determine the conductivity ) , , ( z y x σ from the measurements on surface S. Using the linearization method of Mueller et al. [13] , we solve
with appropriate boundary conditions to obtain the voltage solution U.
The following steps are followed to reconstruct an approximation to the conductivity σ: 1. Introduce a guess for a best constant conductivity, σ 0 . 2. Relate the potentials or fields on the surface S to the electrical tissue properties and field inside the body B by the identity
Here the superscripts k and x denote the index of the current patterns and the subscript 0 denotes fields due to the conductivity σ 0 . The superscripts denote the fields that result from different current densities. 3. Apply an electrode model [14] relating currents and voltages on electrodes labeled with the subscript
to the above exact relation. Use the notation δσ=σ-σ 0 and the approximation U=U 0 + O(δσ) to obtain the equations relating measured current voltages to moments of the unknown conductivity σ=δσ+σ 0 on the mesh. Here, the R denotes the regularization method and ε denotes the regularization parameter. The algorithm is also works in complex variables to obtain the reconstructed conductivity and permittivity at the same time. Figure 2 shows the simplified geometry and the mesh for the reconstruction algorithm. The size of the reconstructed mesh is bigger than electrode array. The margin is used to compensate for the inaccurate boundary condition of different size and breast shape. Theses extra mesh elements are not displayed or analyzed. The thickness of the breast is divided into 7 layers. The top and bottom layers simulate the skin tissue with 2 mm thickness, and are not displayed. The thickness of the other 5 layers is in the ratio of 1: 2: 4: 2: 1. The reason for these ratios is that the further a voxel is from the electrodes, the more ill-posed is the reconstructed admittivity value of that voxel. Therefore, the actual region of the breast in the reconstructed image is (the size of the electrode array) times the (thickness of the breast -4 mm of skin). 
IV. ANALYSIS OF PATIENT DATA
A type of EIS plot, sometimes called a Cole-Cole plot, is generated and displayed from each of the currents measured on each of the electrodes for each of the frequencies (5, 10, 30, 100 and 300 kHz) of the applied voltages. We illustrate the potential usefulness of these displays in distinguishing breast cancer from benign lesions with the EIS plots for two patients: the first a normal breast and the second having a carcinoma. We compare these graphs with electrical impedance spectra previously found by Jossinet and Schmitt [1] in tissue samples taken from a variety of patients (Figure 3 ).
The patient data was collected in the Department of Radiology at the Massachusetts General Hospital (MGH) with a Tomosynthesis digital mammography machine [15] which can produce a set of 2-D-slice images of the breast for different depths. Each slice is about 1 mm thick. Figure 4 shows a middle slice tomosynthesis image of Patient_1 which is a normal screening patient. The EIS plots for Patient_1 ( Figure 5 ) have smooth arcs, consistent with its homogenous appearance by Tomosynthesis. Here, we show the EIS plot of the region of interest to compare with tomosynthesis image. We plot the correlated curvature value in gray scale so that the higher the correlation with a line the brighter the displayed voxel. These are shown in Figure 7 for the voxels in layer 3 for Patient_1 and Patient_2. 
Patient_2
Invasive ductal carcinoma, Ductal carcinoma in-situ A few cylindrical to irregular tan-yellow soft tissue cores ranging from 0.3 to 1.2 cm in length and averaging 0.1 cm in diameter. Grade: 3/3 EIS plots on bottom right corner are abnormal. Others have good curvature. The results of EIS plots have demonstrated the potential to detect and localize malignancies. The curvature of EIS plots has clearly identified the malignancies in these two cases. It is premature to assert that this finding is the best parameter for detecting malignancies. More EIS data from breast cancer patients is needed, and more EIS plots need to be analyzed and verified with pathology reports and radiology reports. We will investigate further and other parameters in a systematic and quantitative way in order to assess and compare their performance.
The mesh of reconstruction algorithm for this study is coarse. The advanced electrode model or the model of layer structure to simulate skin and fat can be used to improve the algorithm that will increase the accuracy of the estimated electrical parameters within the breast and lead to the detection and localization of smaller malignancies.
